Melanin is a complex, highly coloured natural antioxidant with potent biological activities and diverse applications. A potential source of melanin is the Siberian apricot (Armeniaca sibirica) whose kernel skin is currently a waste by-product. To explore its potential, melanin from apricot kernel skin was extracted. The molecular mass was determined by gel chromatography and its structure was examined by elemental analysis, UV-Vis, infrared, and solid-state nuclear magnetic resonance ( 13 C-NMR) spectroscopy. In addition, its protective effect against hydrazineinduced hepatic injury in rats was evaluated. The results showed that melanin has < 5% sulphur (S) content, indicating that it consists mostly of eumelanin. Its UV-Vis, infrared and 13 C-NMR spectra were very similar to those of synthetic melanin, although it had relatively high carboxylate, aliphatic, and phenol-skeleton content. Two distinct fractions (2.4 ± 0.12 and 0. ± 560.1 kDa) were detected. Injections of hydrazine at 65 mg/kg body-weight (b.wt.) doses resulted in significant (p < 0.01) increases in lipid peroxidation (malondialdehyde contents) in liver homogenates and serum alanine aminotransferase and aspartate aminotransferase activities (64%, 69%, and 98% increase relative to the controls, respectively). It also induced significant (p < 0.05 or 0.01) decreases in liver homogenate catalase, glutathione peroxidase, and superoxide dismutase activities and reduced glutathione content (48%, 28%, 7%, and 98% reduction, respectively). Administering melanin prior to hydrazine, at 10 mg/kg b.wt., strongly inhibited these changes and ameliorated histopathological hepatic injury. The results indicated that melanin alleviated hydrazine-induced liver injury by relieving oxidative stress, which may provide a novel protective strategy for protection against liver diseases.
INTRODUCTION
Melanin is a complex, high molecular weight substance that is composed of phenolic or indolic compounds and is widespread in the biosphere. As a result of physicochemical properties that include heavy metal chelation, radical scavenging and strong UV absorption 1, 2 , it has important biological activities, inter alia hepatoprotection, and plays key roles in stress resistance 3, 4 . Melanin is also used for diverse purposes in the pharmaceutical 3, 5 , cosmetic 6, 7 , food 8 , electronics 9 , and other industries 10, 11 , as it has strong antioxidant activities, anti-radiation functions, anti-virus functions, hepatoprotective effects, and photoconductivity. It can be obtained by chemical synthesis from tyrosine or its derivatives 12, 13 , or extracted from either animals 14, 15 or plants 16, 17 . Some microorganisms also produce melanins 18 , with physical and chemical properties that include high molecular weight, insolubility in water 19 , aqueous acids and common organic solvents, decolourization by oxidizing agents (KMnO 4 , NaOCl, and H 2 O 2 ), metal ion chelating ability, and strong UV-Vis absorption. Melanins from plants have higher stability and wider applications, but there is little information on their structure. However, the composition of all melanins is known to depend both on their monomeric units and conwww.scienceasia.org ditions during polymerization. There are three general forms; black-brown eumelanin, pheomelanin (ranging from red to yellow brown), and black allomelanin. The structures of eumelanin and pheomelanin are still unclear, but basic structural models suggested by Nicolaus and Swan 20 have been widely adopted ( Fig. 1) .
Natural colourants and antioxidants, such as melanins, are increasingly popular among consumers because they often regard synthetic alternatives as undesirable or harmful 7, 21 . Thus there is increasing interest in these substances and their sources 22, 23 . Siberian apricot (Armeniaca sibirica), a member of the Prunoideae subfamily of Rosaceae, is a natural hybrid that is widely distributed in northern China, where it plays important roles in afforestation, conservation of soil and water, and commercial production of edible fruit pulp and oil, which has various applications 24 . Apricot kernel skin (testa), accounting for about 5% of apricot mass, is discarded as waste. However, it has high melanin contents, and thus is a potentially valuable source of melanin. There is however little information on the structure of this melanin and methods for extracting it.
The liver, the largest organ in the human body, plays a vital role in clearing diverse toxins and xenobiotics [25] [26] [27] . Partly because several kinds of free radicals are produced in the liver during their elimination, various deleterious agents can induce inflammation, fibrosis, necrosis, and eventually cirrhosis and functional deterioration of the organ 28 . Acute and chronic liver diseases are of global concerns, and medical treatments often involve difficult protocols and have limited efficiency 29 . Hence, there is considerable interest in complementary or alternative medicines for their treatment 26, 30 , particularly drugs from natural products, which may have lower toxicity than synthetic drugs 5 . One severely deleterious agent is hydrazine. It is a mutagenic compound that is responsible for the hepatotoxicity of the anti-tubercular medicine isoniazid and increases risks of systemic diseases and cancer 5, 31 . Thus in the present study, melanin from apricot kernels (MAKS) was isolated, and its physicochemical properties were examined. In addition, its hepatoprotective capacity was evaluated by testing the ability to protect rat liver from injury induced by hydrazine, using several wellcharacterized enzymes as biomarkers.
MATERIALS AND METHODS

Materials
Kernels were obtained from fruits collected from wild apricot trees in Pingliang, Gansu Province, China. After manual peeling, the apricot kernel skin was air dried before using. Synthetic melanin, hydrazine, Superdex G-75, bovine serum albumin, carbonic anhydrase, cytochrome C, and vitamin B 12 were purchased from Sigma Chemical Co (St. Louis, MO). Kits for assaying alanine aminotransferase (ALT), aspartate aminotransferase (AST), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px) activities, as well as reduced glutathione(GSH) contents and lipid peroxidation (malondialdehyde, MDA) were purchased from Nanjing Jiancheng Bioengineering Institute, Nanjing, China. All other reagents used were of analytical grade.
Melanin isolation and purification
Melanin was isolated and purified as follows. Samples of 20 g apricot kernel skin were broken into pieces and boiled in water at 1:15 solid:liquid volume ratio for 5 min then the resulting mixture was filtered using a filter cloth. MAKS was extracted from the solid residue in 0.4 M NaOH solution at 1:20 solid:liquid volume ratio for 6 h at 80°C in a water bath. The mixture was re-filtered to remove solid matter, and centrifuged at 2100g for 10 min. The supernatant was acidified to pH 2.0 by adding 2 M HCl, incubated at room temperature for 2 h, and then centrifuged again at 2100g for 15 min. The resulting dark, MAKS-containing pellet was suspended in 6 M HCl and incubated for 2 h in a boiling water bath, then centrifuged at 2100g for 10 min to remove the liquid residue. The precipitate was washed with ethanol until the supernatant was colourless. The residue was dissolved by incubation in 0.4 M NaOH for 2 h in an 80°C water bath. The steps from acidification to the final centrifugation were repeated until this step yielded a supernatant with a pH of about 7.0. The recovered material was vacuum-dried to obtain pure melanin.
Elemental analysis
The elemental amounts of carbon(C), hydrogen (H) and nitrogen (N) in MAKS were determined using a Vario EL elemental analyser (Elementar, Germany), following standard protocols 1, 21 . The amount of S in the MAKS was determined by the oxygenvolumetric flask method.
UV-Vis absorption spectra of the melanins
To determine the UV-Vis absorption spectra of MAKS and of the synthetic melanin, one sample of each was dissolved in ammonia at 0.2%, with ultrasonic assistance, and then the ammonia was removed using a rotary evaporator 21, 32 . The resulting solutions were scanned in a U-3310 UV-Vis spectrophotometer (Hitachi, Japan) to obtain absorption spectra at wavelengths ranging from 190-700 nm.
Infrared spectra of the melanins
Infrared spectra of both melanins were recorded, from 4000 to 400 cm −1 , using an FT-IR330 infrared spectrophotometer (Thermo Electron Corporation, U.S.A) with KBr powder 21, 32 .
Evaluation of molecular mass
The molecular mass of the MAKS was measured following Sava 33 . MAKS was dissolved in ammonia at 0.2%, with ultrasonic assistance, then ammonia in the sample was removed using a rotary evaporator 21, 32 . After filtering the resulting solution through a 0.45 µm syringe filter, MAKS was separated on a Superdex G-75 column (1.6 × 40 cm) by gel chromatography in 50 mM phosphate buffer (pH 7.5) at a flow rate of 0.5 ml/min. The eluate was monitored at 280 nm, and the molecular mass of fractions with peaks at this wavelength was estimated using bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), cytochrome C (12.4 kDa), aprotinin (6.5 kDa), and vitamin B 12 (1.36 kDa) as calibration standards.
C-NMR analysis
Solid-state 13 C-NMR spectra of samples (ca. 0.3 g) of the MAKS were acquired using a Bruker AVANCE III 400 MHz spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany), operating at a frequency of 100.369 MHz, equipped with a zirconium oxide rotor (external diameter, 7 mm, spun at 5 kHz in a magic-angle spinning, MAS, probe). The crosspolarization contact time, pulse delay, and pulse number were 2.0 ms, 1 s, and 10 000, respectively 32 .
Animals
Male SD rats (10 weeks old), specific pathogen free, provided by the Experimental Animal Centre of Xi 'An Jiaotong University College of medicine, China, were employed for all experiments. Animals were housed under controlled conditions (23-27°C, relative humidity 50-60%, 12 h light/12 h dark cycles) and allowed free access to food and water. All animals used in this experiment were cared for according to the ethical regulations for animal research of the Experimental Animal Centre of Xi 'An Jiaotong University College of medicine.
Experimental procedure
Rats were divided into seven groups, including a control group (not receiving any treatment), a negative control group (receiving MAKS alone), a model group (receiving hydrazine alone), a positive control group (receiving both hydrazine and bifendate), and three experimental groups (receiving both hydrazine and MAKS). Each group consisted of six rats.
The model group was subjected to hepatic injury by intraperitoneal (i.p.) administration of hydrazine hydrate dissolved in sterile water with pH adjusted to 7.4 (65 mg/kg of free base). The positive controls also received gavage administration of bifendate (10 mg/kg) dissolved in sterile water at pH 7.4. The three experimental groups were allocated to gavage administration of MAKS at a low, medium, or high dose (10, 20 , and 30 mg/kg, respectively) 30 min prior to the same hydrazine treatment.
All animals were sacrificed by chloral hydrate anaesthesia 24 h after hydrazine exposure, after calculating specific weight loss, a = (b−c)/b, where b is rat weight before MAKS or bifendate administration and c is rat weight before chloral hydrate anaesthesia.
Blood and tissue collection
Femoral artery blood was collected for further analysis immediately after weighing the rats. It was allowed to clot and then the serum was separated by centrifugation at 1500g for 10 min at 4°C and stored at −80°C until determination of its ALT and AST activities (described below).
In addition, the liver of each rat was weighed and the liver index was calculated by dividing its weight by the weight of the rat before chloral hydrate anaesthesia. The liver was then divided into two roughly equal parts. One part was immediately fixed in freshly prepared 10% neutral buffered formalin at 4°C for histopathological study. The other part was rinsed with saline solution, stored at −80°C, and subsequently homogenized in nine volumes of saline. The homogenate was centrifuged at 1500g for 10 min and the supernatant was used as a total homogenized liver sample.
Liver function assessment
ALT and AST activities were determined using commercial assay kits supplied by Nanjing Jiancheng Bioengineering Institute, Nanjing, China. Biochemical evaluation of MAKS hepatoprotective activity SOD, GSH-Px and CAT activities, GSH contents, and MDA concentrations were also determined using commercial kits supplied by Nanjing Jiancheng Bioengineering Institute, Nanjing, China.
Histological investigation
For histopathological study, the part of each liver that had been fixed in formalin was embedded in paraffin wax. Sections of each liver (5 µm thick) were cut and stained with haematoxylin and eosin (H & E). Inflammatory histological responses around the central vein (infiltration of inflammatory cells, vacuolar degeneration, and necrosis) were then observed under a microscope at 10× magnification.
Statistical analysis
All data are presented as means ± SD. The effects of the treatments on the measured variables were evaluated by one-way ANOVA followed by Duncan's multiple range test. Statistical significance in the following text refers to p < 0.05 unless otherwise stated.
RESULTS
Elemental analysis
Elemental amounts of C, H, N, and S in the MAKS samples were calculated. S:N ratios of eumelanin and pheomelanin are reportedly 0.01 and 0.46, respectively 34 . We found that the S:N ratio of MAKS was less than 0.01, similar to that of the synthetic eumelanin, indicating that it consisted mostly of eumelanin. However, it had a lower N content and higher C:N ratio (C 58.31, N 3.06) than the synthetic melanin (C 46.36, N 6.28), indicating that it contained more carboxylate and aliphatic groups. The elemental analysis suggests that it is structurally similar to melanin obtained from Taihe Black-bone silky fowl muscles 1 .
UV-Vis absorption spectra
MAKS and synthetic melanin exhibited very poor solubility in acidic aqueous solution and most organic solvents. Thus to acquire UV-Vis absorption spectra both melanins were dissolved in 0.2% ammonia, then the ammonia was removed using a rotary evaporator. As shown in Fig. 2 , both MAKS and the synthetic melanin showed an absorption maximum at about 200 nm, but a progressive decrease in absorbance with increasing wavelength after 200 nm, in accordance with most previous analyses of melanin 1, 32 . The slopes of linear plots are often used to identify melanin. The log of optical density of a melanin solution when plotted against wavelength produces a linear curve with negative slopes from −0.0015 to −0. the reported characteristics of melanins. In addition, MAKS exhibited no obvious absorption peak at 260 nm and 280 nm, suggesting that MAKS has low nucleic acid and protein contents.
Infrared spectra
Infrared (IR) spectroscopy is an important nondestructive technique that can provide valuable information on functional groups present in small samples of a substance. The IR spectrum of the melanin extracted from apricot testae (Fig. 3) is similar to that of the synthetic melanin from 4000 to 400 cm −1 , indicating that they have similar skeleton structures. Detailed analyses of the IR spectra of MAKS and previous studies suggest the following peak assignments: −OH, C−H, or N−H stretching (3430 cm −1 ), CH 2 − stretching (2925 cm −1 ), C− −O stretching (1710 cm −1 ), aromatic groups stretching (1630 cm −1 ). These peaks, respectively, indicate the presence of OH (amino, phenol, and/or carboxylic groups), saturated alkyls, C− −O groups, and aromatic groups that may include amido, acylamino, conjugated quinones, and some carboxylic groups. These IR features correspond to the typical structure of melanin.
MAKS molecular mass
Gel chromatography resulted in the separation of two distinct MAKS fractions, as found for melanin derived from Chinese black tea 23, 33 . However, their apparent molecular masses (derived from comparison of their elution volumes with those of the calibration standards) were much lighter (2.4 ± 0.12 and 0.56 ± 0.1 kDa) than those of the Chinese black tea melanins, 8 and 14.8 kDa 33 . This may explain the darkness of Chinese black tea and lightness of apricot kernel skins. C-NMR spectra of (a) the synthetic melanin and (b) MAKS.
C-NMR spectra
Solid-state NMR spectroscopy is a nondestructive technique that can provide complementary information to FT-IR spectroscopy in investigations of melanin chemical and structural properties. To assess distributions of the carbon species in the samples their NMR spectra were divided into the following four regions: (a) 0-51 ppm, representing saturated alkyl carbons; (b) 51-113 ppm, representing alkyl carbons substituted by heteroatoms such as C−O in carbohydrates, C−N in amino acids, and alkyl C−O; (c) 113-163 ppm, resulting from resonance of aromatic carbons, including resonance of phenolic groups in the 138-163 ppm subregion; and (d) 163-230 ppm, representing carbonyl carbons including carboxyl, amide, ester, and aldehyde carbons (particularly carboxyl carbons in the 163-188 ppm subregion). The 13 C-NMR spectra of both MAKS fractions showed broad resonance (Fig. 4) , indicative of numerous overlapping signals and (hence) high heterogeneity. The spectra from both synthetic melanin and MAKS revealed the presence of alkyl, aromatic, phenolic, and carbonyl carbons, in accordance with their IR spectra. However, MAKS appears to have higher aliphatic carbon contents (manifested in strong signals at 20-40 ppm) and lower aromatic carbon contents than the synthetic melanin, like melanins from chestnut shells 32 .
Rat hepatic injury induced by hydrazine
The effects of MAKS on hydrazine hydrate-induced liver injury were studied in terms of changes in the rat behaviour, weight, hepatosomatic index, and biochemical markers. The model animals became inactive 2-3 h after i.p. injection of hydrazine at a dose of 65 mg/kg, even refusing water or food. In contrast, after treatment with MAKS at a dose of 20 mg/kg prior to hydrazine the rats were more active and moderately consumed food and water. In addition, after receiving hydrazine alone the www.scienceasia.org rat weight significantly decreased and their hepatosomatic index significantly increased (Table 1) , possibly due to liver damage. However, the weight and hepatosomatic index of rats pretreated with MAKS also significantly decreased, indicating that the gavage could have caused the animals to refuse water and food, explaining the weight loss. Nevertheless, the reduction in their hepatosomatic index was substantially lower than that of the hydrazinetreated rats, confirming that MAKS could ameliorate liver enlargement induced by hydrazine.
ALT and AST activities in serum
ALT and AST activities in serum were used as biochemical markers for early acute hepatic damage 5, 25, 26 . As shown in Table 2 , these activities were significantly higher in hydrazine-treated rats than in the controls. MAKS pretreatment significantly and dose-dependently reduced the ALT and AST activities. Thus the results confirm that MAKS may ameliorate hepatic injury induced by hydrazine.
Effect of MAKS on SOD activities
SOD plays a key role in elimination of reactive oxygen species (ROS) derived from the peroxidation of xenobiotics in hepatic tissues 26, 29 . As shown in Fig. 5 , SOD activity was significantly lower in liver homogenates from the model rats (75.4 ± 2.8 U/mg protein) than in homogenates from the controls (81.2 ± 4.0 U/mg protein), and intermediate in homogenates from rats pretreated with MAKS at medium or high doses (78.3 ± 1.4 and 78.9 ± 1.6 U/mg protein, respectively). There was no significant difference between the effects of administering hydrazine alone and in combination with MAKS, but there was a trend indicating that MAKS may enhance SOD activity and thus provide protection in responses to ROS.
Effects of MAKS on GSH contents
GSH is an intracellular reducing agent that plays major protective roles in the metabolism and transport of free radicals, peroxides, and other toxic compounds. Thus GSH deficiency in organisms can lead to tissue disorder and injury 29 . Significant reductions in GSH contents were detected in liver homogenates from hydrazine-treated rats (0.09 ± 0.04 g/mg protein versus 5.45 ± 0.74 g/mg protein in homogenates from controls). At the 30 mg/kg dose, MAKS significantly ameliorated hydrazine-induced reduction of GSH in hepatic tissue, resulting in GSH contents of 1.34 ± 0.12 g/mg protein in the homogenates (Fig. 6) . 
Effect of MAKS on GSH-Px activities
GSH-Px activity was lower in liver homogenates from rats treated with hydrazine alone (276 ± 14 U/mg protein) than in controls (384 ± 29 U/mg protein), and intermediate in homogenates of rats pretreated with MAKS (Fig. 7) . The activity was not significantly higher than in controls in homogenates from rats pretreated with the low dose, but significantly higher in homogenates from those pretreated with medium or high doses of (325 ± 25 and 338.80 ± 9.37 U/mg protein, respectively).
Effect of MAKS on CAT activities
CAT is a key component of the antioxidant defence system, inhibition of which results in enhanced sensitivity to free radicals and thus cellular damage 29 . As shown in Fig. 8 , CAT activity was con- spicuously lower in liver homogenates from the rats treated with hydrazine alone (350 ± 42 U/g protein) than in homogenates from controls (682 ± 104 U/g protein). The activities in homogenates from rats pretreated with MAKS were higher than in homogenates from model rats in a dose-dependent way. Thus CAT activity was increased by MAKS administration, suggesting that it can restore this activity to some degree.
Effect of MAKS on MDA contents
Hydrazine challenge caused a significant increase in lipid peroxidation (measured as increases in MDA contents) in hepatic tissue of the rats, as previously observed 5, 28, 29 , to 1.27 ± 0.08 nmol/mg protein, indicating hydrazine intoxication (Fig. 9) . Pretreatment with MAKS dose-dependently reduced the MDA contents, and it completely restored control levels of MDA at 30 mg/kg, indicating that it www.scienceasia.org 
Effects of MAKS on liver histology
Livers of the control and negative control rats had a normal lobular architecture with a central vein and radiations to hepatic cords, indicating that they were healthy and had no pathological perturbations (Fig. 10a,b) . In contrast, severe changes were observed in livers from the hydrazine-treated rats, including multiple, extensive areas of portal inflammation and hepatocellular necrosis, randomly distributed throughout the parenchyma, and hepatocyte ballooning (Fig. 10c) . Pretreatment with either MAKS or bifendate reduced the extent of necrotic zones, hepatocellular degeneration and destruction of the liver architecture, thus these agents apparently alleviated the liver damage (Fig. 10d-g ). These histopathological observations corroborate the hepatoprotective potential of MAKS, confirming the results of the biochemical analyses.
DISCUSSION
Melanins have high potential to be used as natural colourants and antioxidants. They are large, extended, amorphous, irregular, heterogeneous, highly cross-linked, hydrophilic substances with complex, highly variable structures. They readily bind to other polymers, including proteins, polysaccharides, lipids, and other pigments and admixtures. Due to their complexity, they are difficult to isolate and characterize using traditional chemical, histochemical, and physicochemical techniques 32, 35 . Thus the extraction and purification of melanins has usually involved the use of hot solvents, bases or acids, which can change the polymers or destroy their associations with other biological materials. A protocol involving alkaline extraction followed by purification by strong acid hydrolysis and washing with suitable solvents has been reported 32 . However, the hydrolysis may change the chemical structure of melanins, particularly through extensive decarboxylation. Furthermore, little information on the structure of melanins is currently available. Nevertheless, UV-Vis, FT-IR, and solidstate nuclear magnetic resonance ( 13 C-NMR) spectroscopy, molecular mass determinations, elemental analysis and other chemical analyses have provided valuable information on the structure of melanins from various sources 1, 16, 32 . The presented study focused on the properties of melanin from apricot kernel skins (MAKS), which are currently waste products but have high melanin contents. For this purpose we applied a simple, inexpensive method to extract and fractionate MAKS, similar to procedures used to extract several other melanins and melanin-like substances 14, 23, 32 . The structural details obtained from subsequent analyses are described above in detail.
A number of drugs, chemicals, and viruses re-portedly cause severe liver necrosis, which can be difficult to treat 3, 4, 21, 25, 27, 28 . Thus it is highly important to identify compounds that could ameliorate liver damage and hepatic failure. As melanin has ROS-scavenging activity 1, 5, 36 and provides protection from UV irradiation 37 we postulated that MAKS could protect against oxidant-mediated rat liver injury by attenuating oxidative stress and inhibiting inflammatory responses. Thus a main aim of the presented study was to test this hypothesis.
Hydrazine is an oxidant that is known to cause liver injury, including loss of functional integrity of cell membranes in liver tissue 5, 38 . AST and ALT are released into the blood following liver damage, thus they have been used as biomarkers of hepatic damage 26, 30, 39 . Our results show that MAKS pretreatment markedly reduced serum AST and ALT activities in hydrazine-treated rats. These findings were corroborated by histopathological observations of affected livers. As shown both here and in a previous study 25 , hydrazine can cause various hepatic histological changes, including multiple, extensive areas of portal inflammation, hepatocellular necrosis randomly distributed throughout the parenchyma, and increases in inflammatory cell infiltration. Results presented here show that MAKS can attenuate these histological changes and thus significantly suppresses hydrazine-induced liver injury. The protective effects included inhibition of hydrazine-induced increases in serum ALT and AST activities, and MDA contents in the liver, together with inhibition of reductions in SOD, CAT, and GSHPx activities as well as GSH contents in rat liver tissues. Furthermore, administration of MAKS alone in the same time period did not affect the hepatic functional markers, indicating that it has low toxicity.
Based on the presented results we conclude that MAKS consists mostly of eumelanin and has very similar physiochemical characteristics to those of typical eumelanin. MAKS exhibited hepatoprotective effects on hydrazine-induced liver injury in rat, probably mediated by inhibition of increases in ALT and AST activities in serum and attenuation of oxidative stress in liver tissues, mediated by amelioration of increases in lipid peroxidation and reductions in GSH contents as well as SOD, CAT, and GSH-Px activities. Thus MAKS appears to be a potential therapeutic agent that can be safely administered at affective concentrations. Since MAKS has protective effects against liver injury, further investigations may lead to the development of new health products with attractive properties. Further research is planned to study the relationships between levels of oxidative DNA damage induced by hydrazine, tumour formation and MAKS administration in long-term feeding experiments.
